Introduction
The strategy for dissecting genetics of complex diseases has been debated, particularly regarding the assumptions of the common disease-common variant (CDCV) hypothesis (1) (2) (3) (4) (5) (6) . Some statistical issues of concern in candidate gene and genome-wide studies have been sample size, level of significance, marker densities, population stratification and replication of results (2, 5, 7, 8) . However, little attention has been paid to the population attributable fractions (PAFs) and the familial relative risks (FRR) conferred by the tested gene, both of which limit the domain of the possible genotype relative risks (GRRs) and allele frequencies, and vice versa. We illustrate these concepts in Figure 1 . The attractive aspects of considering PAFs include, first, the possibility to compare with PAFs of known genes, as shown here, and, second, the independence of PAFs on the number of unobserved genes and their interactions with the gene under study. The PAF for the gene under study merely states the contribution of the measured gene to disease etiology, regardless of unmeasured genetic effects. The combined PAFs of the independent susceptibility genes cannot exceed 100%, but yet they have to be able to explain completely the familial aggregation observed in family studies (9) . Obviously, frequencies of variant alleles vary between populations and the corresponding PAFs vary accordingly.
Familial aggregation is usually measured as FRR, which compares the risk of disease for relatives of patients to that for the general population. PAF and FRR address some underpinnings of the CDCV paradigm and they should be used a priori, to assess the feasibility of association studies and a posteriori, to evaluate the consistency of the results with population based data (10, 11) . The present study explores the constraints posed by allele frequency (q), GRR, PAF, FRR and statistical power on genetic association studies. Along the presentation, we show how the highpenetrant breast cancer gene BRCA1 and the novel low risk, relatively common chromosome 8 prostate cancersusceptibility locus DG8S737 (12) fit into the calculations.
We also investigated the relationship between q and the power of a casecontrol study of the susceptibility gene for a fixed PAF. Note that the expected distribution of cases according to genotype is given by:
Analogous calculations permitted to derive the expected distribution among controls. In order to estimate the power of a case-control study, genotypes were simulated for 500 cases/500 controls and 2000 cases/2000 controls according to their expected distributions using the R function RUNIF. We assumed Hardy-Weinberg equilibrium and k ¼ 5%, but the results were practically independent of the prevalence of the disease in the population. For each allele frequency between 1 and 90%, 10 000 datasets were generated and the association between genotype and disease was analyzed by logistic regression using the Wald tests. The power of the study was estimated as the proportion of simulated datasets, which resulted in significant genotype effects at the 5% confidence level.
Since the FRR reflects the effects of susceptibility genes transmitted from parents to their offspring, we analyzed the relationship between q and the FRR for a fixed GRR. The familial relative risk for parents and their children is given by:
where V a is the additive genetic variance divided by f 2 and K = k/f. V a equals 2qð1 À qÞ½ð1 À qÞð1 À GRRÞ 2 under a dominant model, under additive inheritance V a ¼2qð1ÀqÞ½ð1ÀGRRÞ/2 2 , and V a ¼2qð1ÀqÞ ½qð1ÀGRRÞ 2 in the recessive model (13, 14) . Data on GRR and q for BRCA1 mutations were taken from the literature (15) . Results on the prostate cancer susceptibility locus DG8S737 with a confirmed effect in several populations have been recently published (12) . The code for calculation of PAF, FRR and power using the free software environment R (www.r-project.org) is provided in the supplementary material.
PAFs and FRRs were also calculated for multiple interacting genes. We present here the formulas for two dominant alleles and multiplicative genegene interactions, their extension to other models/additional genes is straightforward. We know that: where (k / f) is the population prevalence divided by the prevalence among wild type individuals. Similarly, it is easy to show that
where Pr(P ¼ 1, D ¼ 1) denotes the probability that both the parent (P) and his/her offspring (D) are affected. We have seen that:
If we consider two unlinked genes, the term needed to calculate the PAF is:
Moreover, assuming random mating:
where G P represents the genotype of the parent and G O the genotype of his/ her offspring. Finally,
Results Figure 2 shows the dependence of GRR on q at various PAFs under three different modes of inheritance. We show a vertical line at q ¼ 0.1 because many association studies do not test rarer variants. For a dominant gene with a PAF <10%, the GRRs are <2.0 at any q > 0.1. We have marked the coordinates of the breast cancer-susceptibility gene in Figure 1 . BRCA1 mutations with a GRR of $10 and q ¼ 0.001 explain a PAF of 1.8%. The novel prostate cancersusceptibility locus, DG8S737 with a GRR of 1.77 · 1.77 ¼ 3.13 and q ¼ 0.078 confers a PAF of 11%. A comparison among the three modes of inheritance (from dominant to additive and to recessive) shows a gradual shifting of the curves towards higher GRRs for a fixed allele frequency. Figure 3 assesses the statistical power to detect a significant GRR (significance level 0.05) in case-control studies using either 500 cases and controls or 2000 cases and controls. Under dominance, a study based on 500 cases and 500 controls reaches an 80% power (shown by the horizontal line) only for rare alleles (q < 0.1) when the PAF was 5 or 10%; larger studies based on 2000 cases and controls reach an 80% power with q ¼ 0.1 for a PAF of 5% and with q ¼ 0.3 for a PAF of 10%. The analysis of 2000 cases and 2000 controls does not provide reasonable power for a PAF of 1%. Using 500 cases and controls, the effect of BRCA1 mutations is detected with a power of 59% and the effect of DG8S737 with a power of 93%. Again, the curves for additive and recessive modes shift systematically to the right, indicating higher power at higher allele frequencies.
The relationship between allele frequency and FRR according to a fixed GRR is shown in Table I shows PAFs and FRRs for various values of q and GRRs. PAFs increases continuously with the allele frequency. By contrast, the FRR increases with the allele frequency to a maximum, and decreases thereafter. For example, a dominant allele with a GRR of 3 shows the maximal FRR (1.15) at q ¼ 0.1 and it confers a PAF of 27.5%; when q ¼ 0.5, the FRR decreases to 1.04, but the PAF increases to 60%. Rare variants explain relatively more of FRR than of PAF (e.g. BRCA1 mutations: FRR ¼ 1.08, PAF ¼ 1.8%), in contrast to common variants (DG8S737: FRR ¼ 1.04, PAF ¼ 11%). Table II shows PAFs and FRRs for some basic interaction models, considering up to 10 genes with q ¼ 0.1 and GRR ¼ 2. The assumed allele-allele interactions were dominant, additive or recessive; multiplicative and additive gene-gene interactions were considered. Multiplicative interactions of genes with dominant alleles cause the highest PAFs and FRRs; with 10 interacting genes, the PAF was 82.4% and the FRR was 1.65. Additive interactions of genes with dominant alleles and multiplicative/additive interactions of genes with additive alleles contributed relatively more to the PAF than to the FRR. The impact of recessive alleles on PAFs and FRRs was relatively small.
Discussion
FRR is an indicator of heritability, assuming that the contribution of shared environmental risk factors to the familial Fig. 2 . Relationship between allele frequency (q) and GRR for a fixed PAF, according to the inheritance mode (A, dominant; B, additive; and C, recessive). The genetic parameters for DG8S737 were calculated assuming a multiplicative model.
651
Constraints for genetic association studies Fig. 3 . Relationship between allele frequency (q) and statistical power to detect a significant gene-disease association (Type I error ¼ 5%) for a fixed PAF, according to the inheritance mode and the sample size. The genetic parameters for DG8S737 were calculated assuming a multiplicative model. Fig. 4 . Relationship between the allele frequency (q) and the FRR for a fixed GRR, according to the inheritance mode (A, dominant; B, additive; and C, recessive). The genetic parameters for DG8S737 were calculated assuming a multiplicative model.
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Constraints for genetic association studies aggregation of disease is small. FRR for most types of cancer are $2.0 (16), and it is likely that the familial aggregation of cancer is mostly due to heritable causes (17, 18) . The FRR of colorectal cancer is $1.5, when known conditions, such as hereditary non-polyposis colorectal cancer (HNPCC) and familial adenomatous polyposis are excluded (19, 20) . The combined PAF of the related high penetrance genes, mismatch repair genes and APC for colorectal cancer has been estimated to range from 1 to 3% in Western populations (21).
According to Figure 4 , a FRR of 1.5 can be explained by a dominant gene (or the combined effect of many genes) of GRR ¼ 10 with allele frequencies of $0.01 or 0.2; for additive or recessive genes with GRR ¼ 10, the allele frequency should be 0.1 or 0.4, respectively. According to Table I , a dominant gene with the described parameters would show a PAF of 15% (q ¼ 0.01) or 76% (q ¼ 0.2), compared with a PAF of 47% for an additive gene and a PAF of $50% for a recessive gene.
Many candidate gene association studies focus on genes for which the minor allele frequency is 0.1 or higher because the likelihood of identifying a significant effect (statistical power) is higher for common alleles, assuming a constant GRR (22, 23) . In the HapMap Project, the minor allele frequency was restricted to >0.05 (24) . However, assuming a constant PAF, the statistical power to detect the effect of rarer alleles is higher than that of common alleles, because rarer alleles would have higher GRRs (Figure 3) . In fact, a case-control study based on 500 cases and 500 controls only has a reasonable power (>80%) to detect dominant and additive variants with PAFs over 10%, but a recessive gene could be identified even at a lower PAF. If 500 cases and 500 controls were used to investigate the effects of rare variants, the likelihood of detecting the effect of BRCA1 mutations would be 59%; the DG8S737 locus would be detected with a power of 93% (Figure 3) .
BRCA1 was originally identified in linkage studies, but the effects of specific mutations were statistically significant in a case-control study based on 2000 breast cancer patients and 4000 controls from Poland (15) , in agreement with the present data. The novel prostate cancer-susceptibility locus DG8S737 was mapped in 323 Icelandic families with a suggestive linkage signal (lod score 2.11) and confirmed in a case-control study on 869 cases and 596 controls. It was subsequently replicated in three other populations, one Swedish and two others European and African American (12). The Table I . PAF(%) and FRR according to allele frequency (q) and GRR Allele frequency (q) GRR The assumed parameters were: allele frequency, q ¼ 0.1, GRR ¼ 2.
predicted power for an association study with 500 cases and 500 controls was 93%, in perfect agreement with the actual data. It should be pointed out that this locus was not detected in 1233 families collected by an international consortium (25) . The reasons for the discrepancies in the prostate cancer linkage results are not known, but one of them may be the genetic homogeneity of the Icelandic population. Our data show that, in concert with the CDCV paradigm, common risk alleles confer high PAFs but modest FRRs. For example, it has been speculated that the five genes HRAS1, NAT2, GSTT1, TNF-alpha and MTHFR would explain 54-64% of the cases of colorectal cancer, assuming that the GRRs were replicated (11) . According to a large association study, the two genes NAT2 and GSTM1 would explain 31% of cases of bladder cancer (26) . All these variants showed small GRRs (<2.0) and thus, they would only marginally contribute to the familial risk. This is a dilemma of the CDCV paradigm: candidate gene studies may be able to identify genes conferring close to 100% of the PAF, but they may not explain the empirical FRRs. In order to explain FRRs, rare, high-penetrant genes need to be uncovered. However, the candidate gene studies for common alleles do not target this class of genes. Even the presently known susceptibility genes have a limited effect on FRRs (in breast cancer: BRCA1 1.08, Figure 4 ) because the mutant alleles are rare. The true test for the CDCV hypothesis will come in diseases of high FRR, such as multiple sclerosis, for which no high penetrant genes are known to date. The FRR for multiple sclerosis is about 8.0, which is almost impossible to explain by any numbers of low-risk genes, assuming that genes and no environmental sharing through e.g. infective agents explain the risk (27, 28) . The interacting common variants are expected to be rare and the associated GRRs could be high, thus bringing gene-gene interactions into the realm of rare Mendelian type genes. There are numerous possibilities for such interactions, and we tested some basic models in Table II . Multiplicative gene-gene interactions increase FRRs but they also tend to increase PAF. Little empirical data are available on gene-gene interactions, simply because the sample size requirements for even binary interactions become challenging, and they would vastly exceed those used in the present exercise (5, 29, 30) . Low GRRs pose problems, even if they are formally significant, because the carriers are not enriched among familial cases and, thus, they cannot be properly replicated on familial cases (31, 32) and because it will be difficult to provide experimental support in their favor. Furthermore, their significance for individual clinical genetic counseling remains doubtful because of low risk. Testing of rarer alleles may help to find genes of higher risk but larger sample sizes are required. Another option is to use familial cases, which are likely to harbor variants of higher risk.
The present concepts have many useful applications in practical gene identification work. Before launching on a study, it would be useful to check the empirical FRRs of the particular disease. To explain a high familial risk, such as 8.0 for multiple sclerosis, rare high-penetrant genes need to be found and linkage studies may be the suitable approach. For a low familial risk, such as 1.5 for colorectal cancer, association studies appear justified but sample sizes should also allow for inclusion of rare alleles. After the study, PAFs may be used to assess the relevance of the findings in terms of disease etiology. The PAF reflects the overall effect of the gene under study by taking into account possible interactions with unknown genes. The a posteriori calculation of the FRRs is also advantageous; there are examples from the early genotyping studies reporting such high GRRs for common alleles that the resulting FRRs would exceed the empirical FRRs (33) .
